Objective: To determine how HIV-1 risk groups impact transmitted diversity and the tempo of viral evolution at a population scale.
Introduction
The determinants of the HIV type 1 (HIV-1) evolutionary rate and its variability has been subject to extensive investigation. Because the process that controls which genetic variants survive the genetic bottleneck at transmission determines how the enormous withinhost evolutionary potential of HIV-1 is translated into long-term evolution at a population-scale level, the impact of transmission dynamics is central to our understanding of HIV evolution. Various observations suggest that transmission has both a drift and a selective component [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ; the latter was recently highlighted by a rigorous examination of many transmission pairs by Carlson et al. [19] .
Since transmission is not fully deterministic, differences in the magnitude of the virus population bottleneck at transmission -with multivariant transmission estimated to be twice as common in men having sex with men (MSM) ($40%) than in heterosexual (HET) contacts ($20%) [2] may affect the long-term evolution of HIVat the epidemic level. As a case in point, when investigating the withinversus-between host rate difference for HIV-1, we found a markedly lower rate difference in our subtype C transmission chain (an approximately two-fold rate difference) [15] as compared to the earlier results on the basis of subtype B data (a $4-5-fold rate difference) [14] . Following the argumentation of Lythgoe and Fraser [13] , we hypothesized that the dissimilarity in the magnitude of the rate difference follows from the differences in the underlying biological characteristics associated with transmission between the largely MSM-driven subtype B epidemic and the predominantly HET-driven subtype C epidemic. That is, the smaller the number of viruses being transmitted (in HET), the higher the chance that new infections will be established by variants that avoided the accumulation of mutations in the donors. Consequently, the association between the number of transmitted variants and risk group can bring about risk group compositionrelated differences in the tempo of HIV evolution. This is not limited to the host human leukocyte antigen background, but can also involve resistance to combination antiretroviral therapy (cART) and vaccines.
In addition to transmission dynamics, the factors that influence the overall amount of divergence accumulating between the founder strain(s) and transmitted virus are also likely to impact the among-host evolutionary rate. Within-host evolutionary rates have, for example, been shown to vary with disease progression [20] . In this respect, it is interesting to note that men tend to have higher set-point viral loads (spVL) -a predictor of disease progression [21] -than women [22] [23] [24] , a difference that can persist for several years [25] . This suggests a potentially complex interplay between transmission and within-host evolutionary dynamics in determining the tempo of HIV-1 evolution.
Here, we investigated whether the risk group composition can affect the viral evolutionary rate at a population scale. We did this by examining what factor -the transmission dynamics, within-host evolution, or a combination of both -imposes HIV-1 evolutionary rate differences among different risk groups. To explore the impact of the transmission bottleneck, we used a population genetic approach to contrast the loss of genetic diversity at transmission between risk groups. To this end, we compiled a dataset of the previously described HIV-1 transmission chains (n ¼ 70; see Table 1 ). We described the viral evolutionary histories with a recently introduced transmission model in Bayesian evolutionary analysis by sampling trees (BEAST) [15] , and tested for the transmission bottleneck size differences with a Bayesian hierarchical phylogenetic model (HPM) approach [26] that incorporates fixed effects [27] . We found no support for a difference in the loss of genetic diversity between the HET and the MSM groups. To assess the impact of within-host evolution, we compiled risk group-specific datasets of subtypes A1, B and CRF01_AE, and tested for differences in substitution rate ( Table 2 ). For subtype B and CRF01_AE, we found that HIVevolves slower in the HET than in the MSM epidemics, and that for subtype A1, the evolutionary rate is also lower in the HET than in the injecting drug user (IDU) subepidemics, and this may be associated with the varying proportions of men in the examined datasets. These estimates indicate that the within-host evolutionary processes can impact differences in between-host evolutionary rates.
Methods

Dataset compilation
For the bottleneck size comparison between the risk groups, we collected time-stamped clonal sequence data for HIV-1 transmission chains available from the HIV database (http://www.hiv.lanl.gov/), including HET, MSM and blood contact risk groups (see Supplementary Text 1, http://links.lww.com/QAD/A706). A summary of the transmission chain data we retrieved is presented in The number of transmission chains is listed, with the total number of transmission events between brackets. The majority of the chains (60/70, 85.7%) represent a single transmission event (range 1-6). In some cases, data for multiple genomic regions were available. The number of chains is also given for each genomic region. Most data are available of the env region. Sequences were classified with the COMET subtyping tool when no subtype was reported in the original study [38] . The number of chains from each subtype is given between brackets. BC, blood contact; HET, heterosexual; MSM, men having sex with men.
genome datasets for subtype A1, B and CRF01_AE from the Los Alamos HIV database (see Supplementary Text 1, http://links.lww.com/QAD/A706). The characteristics of the subtype-specific risk group datasets are provided in Table 2 .
Phylogenetic inference
We used the BEAST software package [28] for all phylogenetic and population genetic inferences. The substitution process was described using a Hasegawa-Kishino-Yano (HKY [29] ) substitution model with discrete G-distribution to model among-site rate heterogeneity [30, 31] . Sampling and transmission time uncertainty was integrated out over a known time interval (see Supplementary Text 1, http://links.lww.com/QAD/ A706). We used a recently described transmission model [15] to accommodate the transmission history and to quantify the transmission bottleneck in terms of the loss of genetic diversity at transmission. We adopted a Bayesian HPM procedure to share information across transmission chains, and specified hierarchical prior distributions on all parameters of the coalescent model. To formally test for differences in bottleneck size among the risk groups, we specified a fixed effect on the bottleneck size parameter [27] . This approach only models the evolutionary dynamics throughout the individual transmission chains and does not consider the evolutionary process between the different datasets. Although we collected data from gag, pol and env from the HET, MSM and blood contact risk groups, we eventually only retained env data from the HET and MSM groups because many transmission chain datasets do not capture the early population dynamics (see Supplementary Text 1 for more details, http://links.lww.com/QAD/A706).
The sparse within-host sampling scheme of most transmission chains (Supplementary Table 1 , http:// links.lww.com/QAD/A738) resulted in poor temporal information to calibrate the molecular clock in many datasets. We therefore followed a slight modification of the approach used by Keele et al. [1] to arrive at an informative prior distribution on the evolutionary rate on very short time scales. Specifically, we transformed the standard generation time curve [32] to a rate distribution using the experimentally derived reverse transcriptase error rate [33] , and set the upper limit to the rate at a generation time of 18 h [32] .
Tutorials describing how to set up the various components of the above analysis can be found at http://beast.bio.ed.ac.uk/ and example XMLs for the various analyses are provided as Supplementary Material. All XMLs used for the analyses are available from the authors upon request.
Among risk group evolutionary rate comparison
We visually inspected a regression of root-to-tip divergences as a function of sampling time using Path-O-Gen (http://tree.bio.ed.ac.uk/software/pathogen/). This revealed that sufficient temporal signal was present in all but the full genome subtype B datasets. To remove the noise from this dataset, we followed the same procedure as in [15] to arrive at a balanced dataset with clear temporal signal (R 2 for both > 0.48). The evolutionary rate for all datasets was estimated under a relaxed clock model using a lognormal distribution [34] by fitting the HKY model [29] while allowing for gamma-distributed among-site rate heterogeneity [30, 31] . The genome was split into gene-specific partitions to also allow among-gene rate variation. A Skygrid model was specified as a flexible tree prior [35] .
To estimate absolute synonymous and nonsynonymous rates for each dataset, we applied a renaissance counting procedure [20] following [15] to the non-overlapping parts of the open reading frames (except for nef for which data was missing for many taxa).
Results
Dataset compilation
We collected data for 70 transmission chains representing the most important risk groups in HIV spread: the MSM, HET and blood contact risk groups. The distribution of the transmission chains by risk group, subtype and the genomic fragments sequenced are listed in Table 1 .
Because data from the gag and pol genomic regions proved uninformative for estimating the transmission-associated loss in genetic diversity (Supplementary Text 1, http:// links.lww.com/QAD/A706), we only report results based on the env datasets.
Support for a transmission bottleneck
We first set out to test whether the env transmission chain datasets we collected (n ¼ 69) support a bottleneck at transmission. To this purpose, we apply a genealogical transmission chain model that allows the effective viral population size to change upon transmission according to different coalescent models [15] : constant population size (CON, no bottleneck), exponential growth (EXP, the population size upon transmission is an estimable proportion of the donor population size and grows HIV-1 evolutionary rate differences Vrancken et al. 1551 In these datasets there were a number of taxa with unknown sex origins. The reported male proportion does not take these into account.
exponentially in the new recipient) and logistic growth (LOG, as in EXP, but with logistic growth in the recipient). We independently fitted the transmission model with the three different demographic functions to each dataset and compared their model fit using marginal likelihood testing (Supplementary Text 1, http://links.lww.com/ QAD/A706). This indicates that a model accommodating a bottleneck (EXP or LOG) is supported by 91.3% (63/69) of the env transmission chain datasets ( Supplementary Fig. 1 , http://links.lww.com/QAD/A737). There is, however, a marked difference between the risk groups: whereas we find strong Bayes factor support in 82.35% (28/34) 
Similar amounts of drift and selection in all risk groups
Unambiguously estimating bottleneck sizes using the transmission model proved difficult for many datasets because of reasons described in Supplementary Text 1 (http://links.lww.com/QAD/A706). We therefore restricted our approach to test differences between the risk groups to the most informative subset of transmission chains for the env region, which were only available for the HET (n ¼ 17) and MSM (n ¼ 11) risk groups (Supplementary Text 1, http://links.lww.com/QAD/ A706). The demographic function was parameterized according to the best fitting demographic model in the 'best fit' analysis. To test the robustness of our bottleneck size estimates to demographic model specification, we also performed an analysis consistently applying either an EXP or a LOG function to all datasets in the 'exponential' and 'logistic' analysis, respectively. Using our population genetic approach, the magnitude of the bottleneck is estimated as the proportion of the donor effective population size that is transmitted to the recipient, but we report the complement of this proportion as the percentage of loss in diversity at transmission.
In our test approach, we allowed sharing of information on the demographic parameters across individuals, but modelled potential differences in bottleneck sizes among the risk groups using a fixed effect. We did not find Bayes factor support for the risk group fixed effect, indicating no difference in the loss of genetic diversity in env for both the risk groups, which is unlikely to be caused by differences in donor viral diversity between both the risk groups (Supplementary Text 1, http://links.lww.com/ QAD/A706). The severity of the bottleneck was estimated to be 96.8, 96.8 and 98% for the 'best fit', 'exponential' and 'logistic' analyses, respectively, with individual patient estimates ranging from 54 to 99.9%. The average difference in ancestral proportion size estimates between the 'exponential' and 'logistic' analyses was less than 1%, and there was no trend for either model to consistently estimate higher or lower values for this parameter, indicating that our estimates are robust to the demographic parameterization.
Sex ratio drives risk group evolutionary rate differences
To test for HIV-1 evolutionary rate differences among the different risk groups, we collected near-complete genome data from the HET risk groups for subtype A1, B and CRF01_AE, from the MSM risk groups for subtype B and CRF01_AE and from IDUs for subtype A1 ( Table 2 ). We consistently found slower HIV evolutionary rates in the HET datasets as compared to the MSM datasets. For subtype A1, the HIV evolutionary rate was also slower in the HET risk group compared to the IDU risk group (Fig. 1) . In order to asses whether the rate differences reflect variation in selective pressure and/ or replication rate (generation time), we followed the approach from [20] to obtain posterior estimates of the absolute synonymous (m S ) and nonsynonymous (m N ) rates for all risk group datasets (see 'Methods' section). This reveals both elevated m S and m N rates in the MSM and IDU datasets when compared to the HET groups for all subtypes, suggesting that the underlying replication rate is lower in the HET groups. By comparing the rates with the proportion of men in the datasets, we saw a consistently higher rate for a higher proportion of men within each subtype (Fig. 2) , and found strong Bayes factor support for this (Bayes factors were 8.2, 333.5 and 203.2 for subtypes A1, B and CRF01_AE, respectively). There was, however, no clear linear relationship between the rate and proportion of men independent of the subtype (Fig. 2 ), suggesting that other factors confound evolutionary rate differences associated with sex composition at the epidemiological level.
Discussion
We set out to investigate whether the population genetic dynamics associated with transmission, within-host viral replication or a combination of both, are responsible for evolutionary rate differences between the risk groups. For the transmission dynamics to impose such differences, we would expect a difference in bottleneck size among the risk groups and we evaluated this based on a collection of HIV-1 transmission chains for the three most important risk groups (HET, MSM and blood contact) involved in HIV spread. Although 91.3% env transmission chains provide evidence for a transmission-associated population bottleneck, we had to restrict the estimation of its size to the most informative subset for the HET and the MSM risk groups. Formal testing between the two risk groups did not provide any evidence for differences in loss of diversity at transmission, which is very high in both the HET and the MSM groups.
The absence of a bottleneck size difference is in agreement with many founder effects in HET ($80%) and MSM ($60%) transmission [3] , a scenario under which many transmissions will generally be represented by a single phylogenetic branch connecting the donor and the recipient viral populations. In such circumstances, it is expected the measured loss in genetic diversity at transmission relates to the sampled diversity in the donor Fig. 2 . Illustration of the effect of the proportion of males on the rate estimate. The means of the rate estimates are indicated by symbols, and the whiskers delimitate the credible interval. Squares: subtA1; triangles: CRF01 AE; circles: subtB. The impact of the male proportion is visualized as the slope between the mean of the rate estimates of the risk groups per subtype. Uncertainty in the estimate of the slope is reflected in the 95% credible interval range between brackets. and recipient. In this respect, it is important to point out that our comparative analysis included both plasma and peripheral blood mononuclear cell (PBMC) samples. Plasma samples reflect the freely circulating virus, which is usually interpreted as recently generated diversity. PBMCs, however, may represent an archive of both past and current HIV-1 diversity. These cells can also be cocultured before DNA extraction and the resulting invitro picture may not accurately mirror the in-vivo diversity. Reassuringly, however, it has been shown that the different experimental sampling approaches lead to a similar viral genetic composition [36] , and there were no specific biases of either plasma or PBMC between our risk group samples. PCR errors or recombination associated with traditional cloning approaches, which can now be avoided by the use of single genome amplification [1] , also represent potential sources of error.
Other biases may result from differences in the length of infection [37] , as well as the therapy history differences in the donor. The lack of support for a difference in the loss of diversity at transmission, however, implies that these potentially confounding factors did not bias the estimates for the risk groups in a particular direction. Also, we measured the bottleneck as the proportion of diversity that is lost at transmission, and in combination with the many founder effects, this explains why, despite the larger share of recently infected donors in the MSM sample, we did not find a difference in the size of the bottleneck between the HET and the MSM risk groups (Supplementary Text 1, http://links.lww.com/QAD/A706). Finally, although the Los Alamos HIV sequence database contains every HIV sequence the world scientific community has ever published and deposited in GenBank, the representativeness of our work depends on what the scientific field has investigated so far.
We estimated the size of the bottleneck in env to approximately 97%. This is in close agreement with the findings by Edwards et al. [39] , who inferred a decrease of more than 99% in env and gag genetic diversity at transmission in one MSM couple. By comparing the estimated diversity at transmission in nine MSM and 27 mother-to-child (MTC) transmissions, they also found that the mode of transmission does not seem to impact the severeness of the transmission-associated bottleneck [39] . Taken together with our findings, this indicates that the difference in frequency of multivariant transmission ($20% between MSM and HET, $10% between MSM and MTCT [3] ) is too limited to set apart the overall transmitted diversity between the risk groups. The comparable amounts of transmitted diversity imply a similar interplay of drift and selection at transmission in the different risk groups and are therefore not expected to lead to evolutionary rate differences at the epidemic level.
The evolutionary rate comparison among the risk groups indicates differences between HET and MSM, and between HET and IDU, but the direction of these differences may seem counterintuitive in the light of previous findings. There is increasing evidence that the transmission/establishment advantage of ancestral variants leaves its footprint by slowing down the divergence rate among hosts [13] [14] [15] 40] . Given that this effect seems larger for subtype B than for subtype C [15] , we hypothesized that differences in proportion of multivariant transmission may play an important role. Following this reasoning, we would expect the following overall ranking in the evolutionary rate between the risk groups: HET > MSM > IDU. We however, found that the evolutionary rate is lower in HET compared to MSM, and also lower in HET compared to IDU, and this is the case for both absolute synonymous and nonsynonymous rates (Fig. 1) . Because synonymous substitution rates, as a marker of viral replication rates, are associated with HIV-1 disease progression and men are predicted to have higher disease progression rates by their viral set-point, we hypothesized that sex ratio may be key to explaining the risk group-associated evolutionary rate differences. This implies that within-host divergence rates, together with a general transmission-associated rate slowdown, impact the tempo of evolution at the population level.
Despite higher rates for the risk groups with a larger proportion of men within each subtype, this relationship is less clear, independent of the subtypes. On one hand, the individuals sampled in our datasets may not accurately reflect the composition of the risk group population from which the samples were taken. On the other hand, the impact of differences in sex-specific within-host evolution may also be confounded by varying transmission rates by stage of infection. This was put forward by Maljkovic Berry et al. [41] to explain the lower subtype A1 rate estimates among IDUs in the former Soviet Union (FSU) as compared to heterosexual transmission in Africa. Although we found opposite differences here between our HET and IDU dataset, this does not necessarily contradict their findings because our IDU sampling is fundamentally different and, as a consequence, does not specifically reflect IDU transmission.
More replication cycles per unit of time in maledominated epidemics imply more opportunities for nonsynonymous mutations to arise and subsequently become fixed under conditions under which they are beneficial. Because the propagation of mutations in a population depends on several factors, however, this may not easily translate into faster adaptation in, for example, MSM-driven epidemics. One of these factors is the viral genetic background in which mutations are emerging. Also, population genetic theory predicts that the fixation of mutations will mainly be determined by chance events (drift) in small populations, whereas in large populations, selection will determine the fate of mutations. In this respect, the spread of beneficial mutations will be confounded by population structure, which introduces drift. In the UK, for example, the size of heterosexual transmission networks was found to be smaller than among MSM [42, 43] . Moreover, in a US-based survey, it was found that MSM not only have more partners but also have more concurrent relationships [44] . Similar to the variation in rates of partner exchange [45] , this may impose different levels of drift. The fact that behavioural differences between risk groups are not universal further complicates predictions. In Quebec, for example, transmission clustering did not associate with the mode of transmission [46] . It has also been proposed that a high concurrency of partnerships in heterosexuals may explain why HIV has spread so much more extensively in sub-Saharan Africa, than in other regions [47, 48] .
In summary, we show that the effect of within-host evolution on the between-host rate dominates over transmission-related events. Because of this, we propose varying sex ratios as driving risk group-related evolutionary rate differences. Knowledge of the factors underlying the differences in the evolutionary dynamics of HIV-1 subtypes may help to predict how the virus will evolve in response to large-scale public health interventions such as vaccination or treatment up-scaling.
